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Integrin b1 Is Required for Dermal Homeostasis
Shangxi Liu1 and Andrew Leask1,2
Integrins are heterodimers that mediate cell attachment to the extracellular matrix. Previously, we used fibroblast-
specific knockout mice to show that the integrin b1 subunit was required in vivo for dermal fibrogenesis and
cutaneous tissue repair. Here, we show that integrin b1 expression by fibroblasts is required for dermal
homeostasis; at 8 weeks after deletion of integrin b1, the dermis is significantly thinner, expressing less collagen
and displaying reduced generation of reactive oxygen species (ROS). Cultured integrin b1–deficient fibroblasts
show reduced rac1 activation and ROS generation. Overexpressing rac1 in integrin b1–deficient fibroblasts
restored ROS generation; adding hydrogen peroxide to integrin b1–deficient fibroblasts restored Col1a2
(collagen, type I, a2) and a-smooth muscle actin (a-SMA) mRNA expression and a-SMA protein expression and
stress fiber formation. Thus integrin b1 expression by fibroblasts is required for the maintenance of dermal
connective tissue via a rac/ROS pathway.
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INTRODUCTION
The mammalian skin comprises two primary layers, the
epidermis and the dermis. The epidermis, the outermost layer,
serves as a protective barrier. The dermis, the layer below the
epidermis, consists of highly elastic soft connective tissue that
not only cushions the body from stress and strain but also
provides the epidermis with mechanical support. The dermal
layer closest to the epidermis is called the papillary (or upper)
dermis, which has thin collagen fibers. Below that, and above
subcutaneous fat, is the reticular (or deep) dermis, which has
dense collagen fibers. Although tissues exist under a mechan-
ical tension, resident dermal fibroblasts are protected from
external loads by the mechanical properties of the surrounding
matrix and are thus considered to be ‘‘stress-shielded’’ by the
extracellular matrix (ECM) that they deposit and remodel
(Tomasek et al., 2002). In response to tissue injury, this
protective structure is lost and fibroblasts begin to acquire
contractile stress fibers that are first composed of cytoplasmic
actins that are localized at adhesive contacts at specific
regions within the plasma membrane (i.e., focal adhesions;
Hinz and Gabbiani, 2003; Hinz, 2010). In response to
mechanical strain and growth factors such as transforming
growth factor-b, fibroblasts differentiate into myofibroblasts,
which are a hallmark of both granulation tissue and
fibrocontractive diseases (Hinz, 2010). Myofibroblasts
contain stress fibers comprising a-smooth muscle actin
(a-SMA) that are connected to the ECM via developed,
complex, ‘‘super-mature’’ focal adhesions (Hinz, 2010).
Cell attachment to ECM via focal adhesions is essential for
cell migration and ECM contraction, which are key features of
tissue repair and fibrosis (Eckes et al., 2000).
The essential cell surface ECM receptors that cluster within
focal adhesions in response to mechanical stress are the
integrins. Integrins, heterodimers of an a- and a b-subunit,
are well characterized as to their specificity for different ECM
components (Hynes, 1992). The following are integrin
heterodimers and are known to be collagen receptors: a1b1,
a2b1, a3b1, a10b1, and a11b1 (Gullberg et al., 1992;
Yamamoto et al., 1995; Camper et al., 1998; Gardner,
1999; Tiger et al., 2001; Barczyk et al., 2010). Integrin b1 is
overexpressed in fibrotic fibroblasts isolated from scars of
diffuse scleroderma patients, and is required for the excessive
adhesive and contractile phenotype of these cells (Shi-Wen
et al., 2007). Integrin b1 knockout mice have an embryonic
lethal phenotype (Fassler and Meyer, 1995; Stephens et al.,
1995). To circumvent this issue, we have generated mice in
which b1 integrin has been deleted in adult fibroblasts (Liu
et al., 2009a, 2010). These mice are resistant to bleomycin-
induced skin scleroderma (Liu et al., 2009a). Moreover, these
mice display delayed cutaneous tissue repair and reduced
collagen and a-SMA expression, associated with a failure to
activate latent transforming growth factor-b1 in response to
ECM contraction (Liu et al., 2010). Collectively, these data
indicate a role for b1 integrin in mediating tissue repair and
fibrosis in the dermis.
Numerous reports using epithelial cells have implicated
integrins, integrin-associated proteins, or downstream integrin
effectors in the regulation of cellular processes other than
ORIGINAL ARTICLE
1Department of Dentistry, Schulich School of Medicine and Dentistry,
University of Western Ontario, London, Ontario, Canada and 2Department of
Physiology and Pharmacology, Schulich School of Medicine and Dentistry,
University of Western Ontario, London, Ontario, Canada
Correspondence: Andrew Leask, Department of Dentistry, Physiology, and
Pharmacology, Schulich School of Medicine and Dentistry, University of
Western Ontario, Dental Sciences Building, London, Ontario, Canada,
N6A 5C1. E-mail: Andrew.leask@schulich.uwo.ca
Received 18 June 2012; revised 11 September 2012; accepted 5 October
2012; published online 29 November 2012
Abbreviations: DHE, dihydroethidium; ECM, extracellular matrix; ROS,
reactive oxygen species; a-SMA, a-smooth muscle actin
& 2013 The Society for Investigative Dermatology www.jidonline.org 899
adhesion (Brakebusch and Fassler, 2005; Watt and Fujiwara,
2011). Although the role of integrins in epidermal homeostasis
has been well established; the role of integrins, including
integrin b1, in dermal homeostasis is almost wholly unknown
(Brakebusch and Fassler, 2005; Watt and Fujiwara, 2011).
Moreover, the signaling pathways operating downstream of
integrin b1 in fibroblasts have yet to be fully elucidated.
Here, we use mice deleted for b1 integrin in fibroblasts to
assess the role of b1 integrin in dermal homeostasis. More-
over, we use fibroblasts derived from these mice to investigate
the signaling mechanisms operating downstream of b1 integ-
rin in fibroblasts. Our results provide useful insights into the
role that b1 integrin has in maintaining connective tissue.
RESULTS
Loss of integrin b1 expression by fibroblasts results in thinner
skin
To assess the effect of the loss of integrin b1 expression on
dermal homeostasis, mice deleted (K/K) or not (C/C) for
integrin b1 in fibroblasts were generated, as previously
described (Liu et al., 2009a, 2010). Gross examination of
mice 8 weeks after deletion of integrin b1 (K/K) revealed that
mice deficient for integrin b1 appeared to have thinner skin,
compared with control (C/C) mice (Figure 1a). Results were
confirmed upon histological examination of tissue; i.e., knock-
out mice possessed thinner skin (Figure 1b). Moreover,
integrin b1 knockout mice possessed reduced collagen
deposition (Figure 1c). Conversely, the dermis of integrin b1
knockout mice did not appear to show impaired proliferation
(Ki67 staining) or apoptosis (TUNEL assay) Figure 2).
Loss of integrin b1 results in impaired generation of ROS and
rac1 activation
Previously, we showed that the expression of type I collagen
and a-SMA in dermal fibroblasts depended on the
rac1-mediated generation of reactive oxygen species (ROS)
(Liu et al., 2009b). To begin to assess whether a similar
mechanism operated downstream of integrin b1, we first
evaluated whether ROS generation was impaired in
fibroblasts lacking integrin b1. We used the superoxide
anion–specific fluorescent dye, dihydroethidium (DHE), to
show that superoxide generation was impaired, both in vivo
and in vitro, in the absence of integrin b1 expression by
fibroblasts (Figure 3). Similarly, a standard rac1 activity assay
was used to show that rac1 activation was reduced in
fibroblasts lacking integrin b1 (K/K) compared with control
(C/C) fibroblasts (Figure 4a). Consistent with prior data using
dermal fibroblasts (Liu et al., 2009b) and in other systems
(Hordijk, 2006), overexpression of rac1 restored ROS
generation in integrin b1 knockout fibroblasts (Figure 4b,
arrow), indicating that ROS generation occurs downstream
of rac1.
Hydrogen peroxide rescues the phenotype of integrin b1
knockout fibroblasts
Previously, we had shown that integrin b1 knockout fibro-
blasts expressed less collagen and a-SMA mRNA and had
reduced a-SMA stress fibers (Liu et al., 2010). We then
assessed whether the loss of ROS production in integrin b1
knockout fibroblasts contributed to the phenotype of this latter
cell type. Restoration of ROS by the addition of H2O2 rescued
the relative inability of integrin b1 knockout cells to express
Col1a1 (collagen, type I, a1) or a-SMA mRNAs (Figure 5a).
Moreover, H2O2 restored a-SMA protein expression and stress
fiber formation in integrin b1 knockout fibroblasts (Figure 5b).
Rac induces ROS generation by NADPH oxidase (NOX)
(Leto et al., 2009); the addition of the NOX inhibitor
diphenyleneiodonium reduced the expression of Col1a1 or
a-SMA mRNAs in wild-type fibroblasts (Figure 6). Collectively,
these data suggest that integrin b1 expression in fibroblasts is
necessary for the expression of collagen and a-SMA through a
rac1/ROS-dependent mechanism (Figure 7).
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Figure 1. Integrin b1 deletion results in reduced skin thickness. Mice deleted or not for integrin b1 (K/K and C/C, respectively) were examined 8 weeks after
deletion. (a) Gross examination of skin. Representative image is shown. (b) Hematoxylin and eosin (H&E) staining. (*Po0.05 K/K vs. C/C, Student’s t-test). For all
assays, six mice were analyzed. Scale bar¼100mM. (c) Trichrome staining. Colorimetric collagen quantification assay confirmed reduction of collagen in integrin
b1–deficient mice. Scale bar¼ 50mM. **Po0.01 K/K vs. C/C, Student’s t-test; N¼3.
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DISCUSSION
Integrin b1, a key mediator of cell adhesion to both type I
collagen and fibronectin is essential for development, as
integrin b1 knockout mice die in utero (Stephens et al.,
1995). Conditional knockout strategies have been used to
show that integrin b1 is essential for supporting progenitor cell
properties including adhesion to their niche and also for
mitotic spindle orientation (Lechler and Fuchs, 2005; Kuang
et al., 2007). Loss of epidermal expression of integrin b1
causes severe blistering because of impaired attachment of
basal keratinocytes to the basement membrane, as well as
dermal fibrosis and impaired wound healing (Raghavan et al.,
2000; Brakebusch et al., 2000; Grose et al., 2002). Recently,
we have begun to probe the in vivo role of integrin b1 in
fibroblasts; integrin b1 is required for the bleomycin model of
skin fibrosis and for cutaneous tissue repair in vivo (Liu et al.,
2009a, 2010). Both of these models are initiated B10 days
after deletion of the gene. The wound healing defect is linked
with a relative inability of integrin b1–deficient cells to
activate latent transforming growth factor-b (Liu et al., 2010),
consistent with prior data by Wipff et al. (2007) that
mechanical contraction of ECM by fibroblasts activates
transforming growth factor-b in an integrin/contraction-
mediated manner.
In this report, we demonstrate that integrin b1 expression by
fibroblasts is required for dermal homeostasis; 8 weeks after
deletion of integrin b1, the skin is noticeably thinner than that
of wild-type mice. Moreover, we probe the mechanism
operating downstream of integrin b1 in driving collagen and
a-SMA expression in fibroblasts. We found that integrin b1 is
required in fibroblasts for collagen and a-SMA expression via
a rac1/ROS-dependent mechanism. These data are consistent
with a recent report using cardiomyocytes that showed that
integrin b1 can activate ROS (Rosc-Schlu¨ter et al., 2012).
Moreover, our results are consistent with our previous data
demonstrating that rac1 knockout mice and fibroblasts
showed impaired profibrotic gene expression via an ROS-
dependent mechanism (Liu et al., 2009b) and that rac
inhibition reduced profibrotic gene expression in fibroblasts
(Shiwen et al., 2009), as well as prior data in other systems
indicating that rac activates ROS production through NADPH
oxidases (Hordijk, 2006; Petry et al., 2010) and profibrotic
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Figure 2. Integrin b1 deletion does not affect proliferation or apoptosis. Mice deleted or not for integrin b1 (K/K and C/C, respectively) were examined
8 weeks after deletion. (a) TUNEL assay was performed. Please note that apoptotic (TUNEL-positive) cells were essentially absent in both (K/K) and (C/C) mice.
(b) Tissue was stained with anti-Ki67 (to detect proliferative cells) and anti-FSP1 (FSP; to detect fibroblasts). Please note that there was a nonstatistically
significant trend toward increased proliferation in integrin b1–deficient (K/K) mice (N¼ 3, Student’s t-test). NS, not significant. Scale bar¼ 50mM.
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gene expression in fibroblasts is decreased by rac1 inhibition
or in rac1 knockout fibroblasts (Shiwen et al., 2009; Liu et al.,
2009b). These data extend our recent observations that
integrin b1 is also required for the maintenance of the skin
vasculature (Liu and Leask, 2012), for structural integrity of
cornea (Parapuram et al., 2011) deposition, and for survival of
pancreatic b-cells (Riopel et al., 2011). In this study, cell
proliferation or apoptosis has not appreciably changed;
isolated fibroblasts from integrin b1 knockout mice showed
less collagen production, suggesting that in vivo the observed
skin thinning phenotype arose because of a reduction of
collagen synthesis per cell. Maintenance of the blood vessels
was impaired in integrin b1 knockout mice because of a
reduction of collagen and a-SMA expression by smooth
muscle cells (Liu and Leask, 2012). Thus, it is formally
possible that the thinner skin in the integrin b1 knockout
mice may be a secondary phenomenon owing to the lack of
oxygen and nutrients, although the fact that the blood vessel
phenotype developed over a similar time frame to the skin
thinning phenotype argues against this interpretation.
Integrin b1 is present in multiple integrin heterodimers,
notably in a1b1, a2b1, a3b1, a10b1, and a11b1. It is
unknown at present which heterodimers are responsible for
the effects outlined in our current and previous reports (Liu
et al., 2009a, 2010). However, it is interesting to note that
a1b1 has recently been shown to be involved in myofibroblast
differentiation (Rodriguez et al., 2009) and acts as a negative
feedback inhibitor of collagen synthesis (Gardner et al., 1999).
In addition, a2b1 regulates collagen gel remodeling through
force generation and modulation of matrix metalloproteinase
activity (Philips and Bonassar, 2005). Finally, a11b1
modulates myofibroblast differentiation (Carracedo et al.,
2010) and the survival of mesenchymal stem cells on
collagen (Popov et al., 2011). Thus, the overall effects of the
loss of integrin b1 are likely to arise owing to a loss of all of the
possible integrin heterodimers.
Together with our prior observations that the persistent
fibrotic phenotype of scleroderma fibroblasts is at least
partially mediated by integrin b1 (Shi-Wen et al., 2007),
and that integrin b1 is required for fibrogenesis and tissue
repair (Liu et al., 2009a, 2010), our results are consistent with
the notion that signaling via integrin b1 is essential for
connective tissue production and maintenance in the
dermis. Modulating integrin b1 activity may be crucial for
controlling ECM deposition in normal and pathological
conditions.
MATERIALS AND METHODS
Generation of integrin b1 conditional knockout mice
All animal protocols were approved by the appropriate regulatory
authority. Integrin b1 conditional knockout mice were generated as
previously described (Liu et al., 2009a, 2010). Briefly, mice
homozygous for a loxP–integrin b1 allele (Raghavan et al., 2000;
Jackson Laboratories, Bar Harbor, ME) and hemizygous for allele
enabling the expression of tamoxifen-dependent Cre-recombinase
under the control of a fibroblast-specific regulatory sequence from the
proa2(I) collagen gene (Zheng et al., 2002). Animals were genotyped
using PCR (Raghavan et al., 2000; Zheng et al., 2002). To delete
integrin b1, 3-week-old mice were given intraperitoneal injections of
tamoxifen suspension (0.1 ml of 10 mg ml 1 4-hydroxytamoxifen;
Sigma, St Louis, MO) or corn oil (vehicle) for 5 days. Loss of integrin
b1 was verified by PCR genotyping.
Mice were digitally photographed at 8 weeks after cessation of
tamoxifen injection using a Sony D-9 digital camera (Toronto, ON,
Canada). Mice were killed using CO2 for histological and immuno-
histochemical analyses.
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Figure 3. Loss of integrin b1 results in a reduction in reactive oxygen species (ROS) production. In vivo (tissue) and in vitro (fibroblast) ROS production in
integrin b1–deficient mice (tissue) and cultured cells isolated from integrin b1–deficient mice (fibroblast) was measured using a superoxide anion–specific
fluorescent dye, dihydroethidium (DHE). The score of ROS generation in fibroblasts in tissue sections was quantified as described in the Materials and
Methods section (average of three mice per group and SD is shown). The average fluorescent intensity over fixed areas in cultured fibroblasts was also quantified
(average of data obtained from fibroblasts isolated from three mice and standard deviation is shown). Note that wild-type (C/C) fibroblasts showed elevated
ROS production (*Po0.05, Student’s t-test), relative to integrin b1–deficient cells (K/K). Scale bar¼ 100mM. AU, arbitrary unit.
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Immunofluorescence staining and histological assessment
Tissue sections (0.5mm) were cut using a microtome (Leica,
Richmond Hill, ON, Canada), placed on Superfrost Plus slides (Fisher
Scientific, Ottawa, ON, Canada), and then dewaxed in xylene and
rehydrated by successive immersion in descending concentrations of
alcohol. For immunofluorescence staining, tissue sections were
blocked by incubation with 5% donkey serum for 1 hour, washed
with phosphate-buffered saline, and then incubated with primary
antibodies for 1 hour at room temperature under humidified condi-
tions. Primary antibodies used were as follows: mouse anti-a-SMA
(1:500 dilution; Sigma), rabbit anti-Ki67, or mouse-anti-FSP1 (anti-
Ki67, anti-FSP1; 1:500 dilution; Abcam, Cambridge, MA). Subse-
quently, sections were then washed with phosphate-buffered saline,
incubated with appropriate fluorescent secondary antibodies (Jackson
Immunoresearch, West Grove, PA) for 1 hour at room temperature,
washed again with phosphate-buffered saline, and mounted using
40,6-diamidino-2-phenylindole. To assess the effects of integrin b1
deletion on collagen synthesis and skin thickness, trichrome collagen
stain and hematoxylin and eosin staining were used, respectively.
Slides were photographed using a Zeiss fluorescence microscope
(Empix, Missassauga, ON, Canada) and Northern Eclipse software
(Empix). Collagen expression was determined using a colorimetric
assay, as described by the manufacturer (Quickzyme, Leiden, The
Netherlands). Briefly, acid/pepsin-solubilized collagen was quantified
using a Sirus Red–based dye-based method by comparing observed
A540 values with those obtained using a standard curve run in parallel.
TUNEL assay was performed using a commercial kit with nuclease as
a positive control (TumorTACS, Trevigen, Gaithersburg, MD).
The tissue expression of a-SMA was graded on a scale of 0–3 by
three blinded observers: 0 signifies no staining, 1 signifies very little
staining, 2 signifies moderate staining, and 3 signifies extensive
staining. For proliferating cell nuclear antigen staining, the percentage
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Figure 4. Rac activity is reduced in integrin b1–deficient dermal fibroblasts. (a) Rac-GTP was immunoprecipitated from cell lysates. The precipitated Rac-GTP
was detected by immunoblot analysis using an anti-Rac antibody. In parallel, whole-cell lysates were subjected to SDS–PAGE and western blot analysis with an
anti-Rac antibody. Quantitative densitometry data are indicated on the right. Experiments were performed on cells derived from three mice (*Po0.05 relative to
wild-type control). (b) Transfection of constitutively active rac (CMV-rac1) compared with empty expression vector (Empty) increases reactive oxygen species
(ROS) generation in K/K cells (red, arrow). Cells were cotransfected with CMV-GFP to detect transfected cells (green). Scale bar¼ 50mM. CMV, cytomegalovirus;
DHE, dihydroethidium; GFP, green fluorescent protein; GTP, guanosine triphosphate.
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of positive cell staining was calculated per mm2 using the image
analysis software (Northern Eclipse, Empix).
Cell culture, immunofluorescence, and Western blot analysis
Dermal fibroblasts from wild-type or integrin b1 knockout mice were
isolated as previously described (Liu et al., 2010). Cells were
subjected to indirect immunofluorescence analysis and
photographed as previously described (Liu et al., 2010). Alterna-
tively, protein was harvested by lysing cells in 2% SDS. Subsequently,
proteins were quantified (Fisher, Nepean, ON, Canada) and subjected
to western blot analysis as previously described (Liu et al., 2010).
Antibodies used were as follows: anti-a-SMA (A2547, 1:5,000; Sigma)
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Figure 5. H2O2 rescues the phenotype of integrin b1–deficient fibroblasts. (a) Real-time PCR analysis. Fibroblasts were isolated by explant culture from mice
containing the integrin b1 gene (C/C) or not (K/K). Messenger RNA harvested from cells in the presence or absence of 200mM H2O2 for 24 hours (fibroblasts from
three mice per group were used, each assay was performed in triplicate, average±SD is shown) and subjected to real-time PCR analysis to detect the mRNAs
indicated. Data represent averages and SD from all these mice. (*Po0.05, Student’s t-test). COL1a1, collagen, type I, a1. (b) a-Smooth muscle actin (a-SMA)
protein expression. Cells incubated in the presence or absence of 200mM H2O2 for 24 hours were fixed and stained with anti-a-SMA antibody to detect a-SMA (top
panel) or subjected to western blot analysis with the antibodies indicated. Integrin b1–deficient cells in the presence of H2O2 possessed a-SMA stress fibers and
protein. Fibroblasts from three mice per group were used. Representative data are shown.
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Figure 6. The NADPH oxidase (NOX) inhibitor diphenyleneiodonium (DPI)
reduced messenger RNA (mRNA) expression in wild-type (WT) fibroblasts.
Real-time PCR analysis. Fibroblasts were isolated by explant culture from wild-
type mice. mRNA harvested from cells in the presence or absence of 10mM DPI
for 24 hours (each assay was performed in triplicate, average±SD is shown)
and subjected to real-time PCR analysis to detect the mRNAs indicated. Data
represent averages and SD from cells derived from one mouse (*Po0.05;
**Po0.01, Student’s t-test). Col1a1, collagen, type I, a1; a-SMA, a-smooth
muscle actin.
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Figure 7. Integrin b1 stimulates collagen and a-smooth muscle actin (a-SMA)
expression via a rac/NOX/ros-dependent mechanism. A schematic diagram
indicating that integrin b1 is necessary for rac activation and reactive oxygen
species (ROS) generation, and hence collagen and a-SMA production in
fibroblasts.
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and anti-b-actin (1:5,000, A3853; Sigma). When indicated, cells were
treated in 0.5% fetal bovine serum in the presence or absence of
200mM H2O2 or 10mM diphenyleneiodonium (Sigma) for 24 hours.
Real-time PCR
Real-time PCR was performed essentially as described previously (Liu
et al., 2010; Thompson et al., 2010). Briefly, cells were cultured until
80% confluence and total RNA was isolated (Trizol, Invitrogen,
Burlington, ON, Canada). Integrity of the RNA was verified by gel
electrophoresis and by spectrophotometry. Total RNA (25 ng) was
reverse transcribed and amplified (using One-step mastermix and
TaqMan Assays on Demand probes; Applied Biosystems, Foster City,
CA) using the ABI Prism 7900 HT sequence detector (Perkin-Elmer-
Cetus, Vaudreuil, QC, Canada). Triplicates of each sample were run,
and expression values were standardized to values obtained with
control 18S RNA primers using the DDCt method.
Measurement of ROS production
In vivo and in vitro ROS production was measured essentially as
previously described, using a superoxide anion–specific fluorescent
dye, DHE (Sigma) (Wedgwood et al., 2001; Liu et al., 2009a). DHE is
oxidized on reaction with superoxide to ethidium bromide, which
binds to DNA in the nucleus and fluoresces red. For in vitro assays,
freshly frozen, enzymatically intact, 10-mm-thick sections from mice
were incubated with DHE (10mM) in phosphate-buffered saline for
30 minutes at 37 1C, protected from light. Sections were fixed in 4%
paraformaldehyde and photographed. The production of superoxide
in tissue was graded on a scale of 0–3 by three blinded observers: 0
signifies no staining, 1 signifies very little staining, 2 signifies
moderate staining, and 3 signifies extensive staining. For in vitro
assays, cells were incubated in the dark with 10mM DHE (30 minutes).
Cells were fixed and photographed, and fluorescent intensity in
individual cells was quantified by the Northern Eclipse (Empix)
software.
Rac activity assay
A commercially available rac activity assay was used, essentially as
previously described (Leask et al., 2008; Upstate Biotechnology, Lake
Placid, NY). Briefly, fibroblasts were grown in 60-mm dishes and
protein was harvested by lysis in buffer containing NP-40. Agarose
beads to which a p21-activated kinase–glutathione S-transferase
(PAK-GSH) fusion protein was conjugated was added. Active Rac
(Rac-GTP), which binds PAK-GSH, was recovered through repeated
centrifugation, washing of the agarose beads, and by removing bound
Rac, which was identified by boiling beads in Laemmli buffer. The
resultant extracts were then subjected to western blot analysis using
anti-Rac antibody. For the rac rescue experiment, expression vector
encoding constitutively active rac (V12rac1) under the control of the
cytomegalovirus promoter (courtesy Alan Hall, University College
London, London, UK) or empty expression vector was transfected into
cells using Fugene (Roche, Laval, QC, Canada) in a ratio of 2mg
DNA/3ml Fugene. Cells were cotransfected with an expression vector
encoding green fluorescent protein (Clontech, Mountain View, CA);
transfected cells were detected using a microscope.
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